chain migrate rostrally to generate the primordial nervous systems. The sympathetic branch of the autosuperior cervical ganglion (SCG) and ventrally to form nomic nervous system is supported by the well characprevertebral ganglia as well as adrenal chromaffin cells terized neurotrophic factor nerve growth factor (NGF) (Fernholm, 1971; Rubin, 1985) . The remaining columnar (Snider and Wright, 1996 ; Bibel and Barde, 2000; Huang structure becomes the trunk sympathetic chain (Leand Reichardt, 2001). NGF is a member of a family of Douarin, 1986) . During this migration period, some symproteins called the neurotrophins, which act through a pathetic precursors begin to extend axonal processes, family of tyrosine kinase receptors, the Trk family, and while others continue to proliferate. The continuing mip75 (Barbacid, 1994). Numerous gain-and loss-of-funcgration and axonal outgrowth proceeds in close contact tion experiments have demonstrated the importance of with the vasculature. Indeed, because of the close rela-NGF and other neurotrophins for neuronal survival and tionship between differentiating sympathetic neurons proper target innervation. For instance, mice expressing and blood vessels, it has long been thought that cues high levels of NGF in target tissues have increased symarising from blood vessels regulate the migration and pathetic and sensory fiber (Albers et al., 1996), whereas, axon guidance of these cells (Kandel et al., 2000) . sensory neurons in NGF-deficient mice fail to properly Initially, the sympathetic nervous system was thought innervate target tissues (Patel et al., 2000) . Interestingly, to be normal in Ret-deficient mice except for the comneurotrophins do not appear important for initial outplete lack of the superior cervical ganglia (Durbec et al., growth of sympathetic axons, as initial projections of 1996). However, later work with these mice showed that sympathetic axons appear normal in TrkA-deficient emthe SCG was present but aberrantly located and that the entire sympathetic nervous system displayed defects ( and GFR␣3 expression patterns. Between E11.5 and To examine the physiological roles of ARTN, we have E15.5, ARTN is primarily expressed in close proximity generated and characterized both ARTN-and GFR␣3-to migration routes for sympathetic neuroblasts and in deficient mice. We found major disruptions in the migraareas of sympathetic neuron projections. For example, tion and axonal projections of sympathetic neuroblasts ARTN was expressed around the sympathetic chain at in these mice; however, there was little apparent effect E11.5 and the SCG at E12.5 (Figures 2A and 2B ). Later on cell survival or proliferation. We found that ARTN is (E12.5-13.5), lacZ staining was observed along the caexpressed by vascular smooth muscle cells and that rotid artery, the main projection pathway of the SCG, sympathetic fibers grow toward an ectopic source of suggesting that ARTN guides axonal outgrowth from the ARTN in vivo, indicating that ARTN is an important guid-SCG ( Figure 2B ). ARTN expression was also detected ance factor responsible for the close association of symaround blood vessels of the gastrointestinal tract at pathetic fibers with blood vessels. Taken together, these E13.5, including the superior mesenteric, celiac, and studies have revealed that ARTN signaling through inferior mesenteric arteries (Figures 2D-2F ; data not Ret:GFR␣3 complexes is crucial for the proper developshown). Similar to the expression pattern around the ment of the entire sympathetic nervous system. SCG pathway, ARTN expression was initially detected around the proximal portion of these arteries, and expression proceeded distally at later developmental Results stages until it was finally detected in the blood vessels that enter the gut wall at E15.5. ARTN expression was Generation of ARTN-and GFR␣3-Deficient Mice ARTN is a member of the GDNF family of ligands (GFLs) also observed along intercostal arteries, the path followed by axons emanating from trunk sympathetic chain that signals preferentially through the Ret-GFR␣3 receptor complex in vitro (Baloh et al., 1998b). To understand ganglia ( Figure 2C ). In addition, ARTN was detected in the sclerotomes but was not detected in the vicinity of the physiologic function of ARTN and to examine its in vivo coreceptor specificity, we generated both ARTN the sensory ganglia (dorsal root ganglia [DRG], trigeminal ganglia [TG], or nodose-petrosal ganglia) or along the and GFR␣3 mutant mice using homologous recombination in embryonic stem cells. To help identify the cell projection pathways of these sensory neurons (except where they follow blood vessels). Furthermore, in contypes expressing either ARTN or GFR␣3, a lacZ reporter gene was inserted into the first coding exon of ARTN, trast to GDNF and NRTN, no expression of ARTN was detected in the CNS. and the tau-lacZ reporter gene, which allows visualization of neuronal projections, was inserted into the first GFR␣3 expression was monitored using lacZ immunohistochemistry to detect the tau-lacZ reporter incoding exon of the GFR␣3 gene ( Figures 1A and 1B) . Homologous recombination events for both ARTN and serted into the GFR␣3 locus in GFR␣3 tlacZ heterozygotes. LacZ staining was observed throughout the entire sym-GFR␣3 were identified by Southern blot analysis (Figures 1C and 1D left panel) . To remove the neo resistance pathetic nervous system, including trunk sympathetic chain, prevertebral ganglia, and SCG at all embryonic cassette, mice harboring either the mutant ARTN or GFR␣3 alleles were mated to mice expressing Cre restages examined (E11.5 through E15.5) and at P0 (Figures 2G-2I ; data not shown). GFR␣3 was also detected combinase under the ␤-actin promoter (Lewandoski et al., 1997). ARTN and GFR␣3 heterozygotes displayed in sensory neurons including TG, DRG, and nodosepetrosal ganglia at these embryonic stages and at P0 no obvious deficits, grew normally, and were fertile. The respective heterozygote mutant mice were mated to ( Figure 2G ). In adult mice, GFR␣3 expression was absent in sympathetic neurons and was expressed at low levels produce mice homozygous for either the mutant ARTN or GFR␣3 alleles. To insure that the mutant alleles were in a small percentage of DRG sensory neurons (data not shown). Furthermore, in agreement with a lack of ARTN true loss-of-function alleles, we isolated RNA from whole P0 pups homozygous for the mutant ARTN allele expression in the CNS, we did not detect GFR␣3 expression in the CNS using X-gal or lacZ immunohistochemis-(ARTN Ϫ/Ϫ ) or the mutant GFR␣3 allele (GFR␣3 tlacZ/tlacZ ) and performed RT-PCR analysis. In each case, no ARTN or try. Thus, unlike signaling from other GFL-GFR␣s, ARTN:GFR␣3 signaling appears to occur solely in the GFR␣3 cDNA could be detected in the respective mutant mice ( Figures 1C and 1D, right panel) . Both the ARTN Ϫ/Ϫ peripheral nervous system. The expression of GFR␣3 in sympathetic neuroblasts and the presence of ARTN and GFR␣3 tlacZ/tlacZ mice were born at the expected fre- along routes of sympathetic neuroblast migration and the most aberrant positions were invariably associated with ptosis and were smaller than SCGs corresponding along the path of sympathetic axonal projections suggests that ARTN might act as a guidance molecule for to the eye without ptosis ( Figure 3F ). To examine whether the abnormal SCG location in ARTN-and sympathetic neurons and their axons.
GFR␣3-deficient mice resulted in abnormal innervation of target tissues in adulthood, TH immunohistochemis-ARTN-and GFR␣3-Deficient Mice Have Deficits in the Sympathetic Nervous System try was performed to identify the sympathetic fibers projecting to the superior tarsus muscle. Although some In both the ARTN Ϫ/Ϫ and GFR␣3 tlacZ/tlacZ mice, approximately 30% of adult mice displayed ptosis (Figure 3) . sympathetic fibers were detectable in a few of the affected animals (mice with ptosis), the density and distriOf the mice with ptosis, 35% had bilateral ptosis, whereas 65% had unilateral ptosis with no predilection bution of the innervation was distinctly abnormal on the side with ptosis ( Figure 3I ) compared to wild-type for the right or left side. Because ptosis can be caused by loss of sympathetic innervation to the superior tarsus animals ( Figure 3G ). In the mutant mice that did not display ptosis, there was no discernible defect in sympamuscle by the SCG, we examined this ganglia by preparing consecutive parasagittal sections of the adult heads thetic innervation ( Figure 3H ). Indeed, in mice with unilateral ptosis, the innervation pattern from the SCG on the from both ARTN Ϫ/Ϫ and GFR␣3 tlacZ/tlacZ mice. We found that the SCG ipsilateral to the eye displaying ptosis was unaffected side was comparatively normal with respect to location and target innervation. Thus, abnormally loeither missing (30%) or small (70%) ( Figure 3F ) and was shifted caudally to a variable degree in affected animals cated SCGs are smaller and fail to innervate their targets properly (shown schematically in Figure 3J ). (Figure 3J ). The SCG in mice lacking ptosis were essentially intact, with only a minimal caudal shift in adult
Other regions of the sympathetic nervous system were examined using whole-mount tyrosine hydroxylase animals ( Figure 3E) . Furthermore, the SCGs that were in , 51 Ϯ 1) ganglia of the small bowel and colon. Also, acetylcholinesterase-stained neuronal fiber denenteric nervous system development, we also examined the enteric nervous system in ARTN Ϫ/Ϫ mice, but no sity in the myenteric plexus of ARTN Ϫ/Ϫ mice was normal. To further investigate the fate of these sympathetic itself. Similar studies of E12.5 and E14.5 embryonic SCG were performed to determine if ARTN promotes sympaneurons in the absence of ARTN, we measured cell death in the SCG at P0 using an antibody to activated thetic neuron survival during embryogenesis, but again, no differences in the number of apoptotic cells between caspase-3. Low levels of apoptosis were observed in the SCGs of ARTN Ϫ/Ϫ mice when their position was only wild-type and mutant were observed (data not shown). Taken together, these results indicate that ARTN is not mildly abnormal and target innervation was normal (Figures 5B, 5E , and 5H). Conversely, when the SCG was directly required for the survival of SCG neurons in utero or postnatally and that ARTN is not a direct-acting surseverely displaced with major deficits in target innervation, increased apoptosis of ARTN Ϫ/Ϫ SCG neurons vival factor for SCG neurons in vivo. As long as proper innervation is achieved even in the absence of ARTN, was observed ( Figures 5C, 5F , and 5I). These results were quantified by determining the percentage of actineuronal survival is normal. However, if the SCG fails to innervate its targets, then there is a dramatic increase vated caspase-3-positive cells in representative slides from the SCG of wild-type and mutant (ARTN Ϫ/Ϫ and in neuronal apoptosis, presumably due to the lack of a target-derived neurotrophic factor such as NGF.
GFR␣3
tlacZ/tlacZ ) mice (n ϭ 2). This analysis verified that The deficits in migration and axonal outgrowth were proper rostral migration of the SCG during development, the sympathetic nervous system in E12.5 embryos was readily apparent in all mutant embryos examined, in contrast to the adults, where only a fraction of the mice examined using whole-mount TH immunostaining. We examined the position of the SCG in E12.5 embryos, the had dramatically affected SCG. This indicates that ARTN exerts its primary effects as early as E12.5 and suggests first stage when it is clearly demarcated. When compared to wild-type mice, the SCG in ARTN-deficient emthat the loss of ARTN in the SCG but not in the gut is at least partly compensated for by other unidentified bryos is already located in a more caudal position in all cases examined (n ϭ 30) (Figures 6A and 6B) . Axonal molecules at later stages. Taken together with previous data gleaned from studies of GFR␣3 Ϫ/Ϫ and Ret Ϫ/Ϫ mice, outgrowth from the ARTN Ϫ/Ϫ SCG was also distinctly abnormal compared to the well formed axon bundle these results demonstrate that ARTN-mediated signaling through Ret:GFR␣3 receptor complexes is crucial extending from the wild-type SCG at E12. It is well established that sympathetic fibers follow blood Phox2b and BrdU. Phox2b is a marker of early sympavessels to reach their targets; however, the molecules thetic precursors whose expression is necessary for and cell types involved in this phenomenon are unclear. differentiation of sympathetic neurons (Pattyn et al.,
The realization that ARTN is crucial for proper sympa-1999), and BrdU is incorporated into the nuclei of dividthetic innervation and that it is expressed around blood ing cells. The number of proliferating cells appeared to vessels suggests that it is an important guidance molebe similar in wild-type, ARTN Ϫ/Ϫ , and GFR␣3 tlacZ/tlacZ mice cule for sympathetic axons. Thus, the identification of at each of the ages examined ( Figure 6E) are consistent with a role for ARTN in guiding sympainto the ARTN Ϫ/Ϫ embryo, a much more profound effect was observed. Robust neurite outgrowth directed tothetic axons. To test this hypothesis directly, the ability of ARTN to influence axonal growth was examined using ward the bead as well as many neurons migrating toward the ARTN-soaked bead were observed. No evidence whole-mount mouse embryo culture experiments (Martin and Cockroft, 1999). Since sympathetic neurons start of neurite outgrowth or cell migration was detected in embryos where BSA-soaked beads were used. Furtherextending their axons around E10.5-E11.5, we cultured E11.5 embryos in which acrylic beads incubated in more, sympathetic fibers did not respond when GDNFsoaked beads were implanted into these embryos (data ARTN or BSA were placed close to the sympathetic chain ( Figure 8C ). Twenty-four hours later, embryos not shown). Moreover, the ARTN-induced neuronal migration and axonal outgrowth was specific to the sympawere stained with either TH or neurofilament antibodies to examine the effects of the beads on axonal projecthetic nervous system, as whole-mount neurofilament immunostaining showed no fibers, other than those from tions of the sympathetic (anti-TH) or other neuron populations (anti-neurofilament). In wild-type embryos, the the sympathetic chain, extending toward the ARTNsoaked bead. For example, sensory fibers from the DRG, ARTN-soaked beads induced axonal outgrowth from the sympathetic chain. However, when we put the bead which also express GFR␣3 at this stage, did not appear to be influenced by ectopic ARTN (data not shown). As present. Indeed, we found a less severe decrease in neuroblasts in the rostral portion, where the SCG precura further control for the specificity of these effects and sors are predominantly localized. These rostral-caudal to examine ligand specificity in vivo, we placed differences in sympathetic deficits are not unique to ARTN-soaked beads into GFR␣3 tlacZ/tlacZ mice. We found ARTN-and GFR␣3-deficient mice. For example, mice that ARTN had no effect on the sympathetic nervous lacking Phox2a have sympathetic defects only in the system of GFR␣3 tlacZ/tlacZ mice. These data indicate that rostral ganglia, even though Phox2a is uniformly ex-ARTN acts as a guidance molecule that induces migrapressed throughout the sympathetic nervous system tion and axonal projection from sympathetic neurons ( it appears that GDNF may influence SCG precursors. In Consistent with the in vivo preferential pairing of other contrast, ARTN appears to be crucial for the migration GFL and GFR␣ receptors in mutant mice, the ARTN and of sympathetic chain precursors. Taken together, these GFR␣3 mutants have identical phenotypes, including results suggest that multiple GFLs contribute to the early the variable penetrance of the SCG phenotype. Indeed, development of the sympathetic ganglia. Ret mutant mice generated in our laboratory also display Sympathetic nerves follow the vasculature to reach variability in the sympathetic defects with respect to their final target tissues. This led to the suggestion that position and size (Enomoto et al., 2001) . In contrast, a cells of the blood vessels produce guidance cues for previous report indicated that the SCG in all GFR␣3 sympathetic axons en route to their innervation targets. mutant mice was severely affected (Nishino et al., 1999) .
Once the axonal fibers reach their peripheral targets, Although it is unclear why these phenotypic differences sympathetic neuron survival is sustained by NGF. We exist, it is presumably due to genetic background efhave shown that ARTN is expressed along a number of fects. Through the analysis of the ARTN and GFR␣3 blood vessels during the period of sympathetic innervamice, we demonstrated that ARTN plays a crucial role tion in a pattern consistent with a role in directing growth in the development of the sympathetic nervous system. cone extension. For instance, ARTN expression in the In the absence of ARTN-mediated signaling, numerous mesenteric artery begins in the proximal regions of the deficits in the entire sympathetic nervous system are vessel near the dorsal aorta and, as development proapparent. ARTN is essential for the proper migration ceeds, extends peripherally to distal segments of the of sympathetic neuroblasts, and its absence results in vessel as it enters the gut. Double-label experiments defects throughout the sympathetic nervous system. demonstrated that ARTN is expressed in cells that exMost dramatically, the failure to migrate properly results press ␣-SMA (␣-smooth muscle actin), a marker of in the aberrant position of the SCG, which leads to ptosis smooth muscle and myofibroblast type cells, but not in due to the lack of sympathetic innervation to the superior endothelial cells. In addition, in the rat orbit, the sympatarsus muscle. The more severe effects observed for thetic innervation of the tarsus and orbital muscles folthe SCG are likely due to the greater migration distance lows ␣-SMA ϩ myofibroblast-like pathway cells (Smith that these precursors must traverse; however, it could et al., 1998). These ␣-SMA ϩ myofibroblast-like cells also also be related to the different cellular origin of these accompany the sympathetic hyperinnervation comcells. ARTN also plays an important role in stimulating monly observed in wound granulation tissue (Kishimoto axonal outgrowth from the sympathetic precursors. et al., 1982). Thus, it appears that ARTN may be the ARTN is expressed by vascular smooth muscle-like cells neurotropic substance produced by ␣-SMA ϩ cells of along the routes of sympathetic innervation, and ARTNblood vessels that influences sympathetic neurons. and GFR␣3-deficient mice have dramatically abnormal
The sympathetic projections in ARTN-or GFR␣3-defiprojection patterns from all sympathetic ganglia. Concient mice were shorter than normal and misdirected, sistent with these deficits in loss-of-function mutants, in indicating that ARTN-mediated signaling through Ret: vivo gain-of-function analysis demonstrated that ARTN GFR␣3 complexes is necessary for proper innervation acts as a guidance factor for the sympathetic nervous of target tissues. These deficits were observed as early system in a GFR␣3-dependent fashion.
as E11.5-E12.5, at a time when sympathetic precursors In adult ARTN-and GFR␣3-deficient mice with normal are just initiating axonal outgrowth, suggesting that Ret innervation of the superior tarsus muscle (i.e., without signaling is important for the early outgrowth pattern of ptosis), the number of neurons in the SCG is normal.
axons. This abnormal initial outgrowth caused a delay Furthermore, the level of proliferation and apoptosis in in sympathetic innervation; however, compensatory the SCG precursors is normal at all developmental perimechanisms must exist, as most tissues eventually beods examined. These data suggest that, despite the come at least partially innervated. The role of ARTN as decreased number of total sympathetic neuroblasts in a guidance factor for sympathetic axons is supported the vicinity of the dorsal aorta in E10.5 Embryos were cultured essentially as described (Martin and Cockadult head and body were treated by 10% EDTA for 3-4 weeks roft, 1999). ARTN-, GDNF-, and BSA-impregnated beads were prefor decalcification. After decalcification, tissues were embedded in pared as described ( 
